The leukocyte response in inflammation is characterized by an initial recruitment of polymorphonuclear leukocytes (PMN) preceding a second wave of monocytes to the site of injury or infection. In the mouse, 2 populations of monocytes have been identified, Gr1 ؊ CCR2 ؊ CX3CR1 hi resident monocytes and Gr1 ؉ CCR2 ؉ CX3CR1 lo inflammatory monocytes. Here, intravital microscopy of the musculus cremaster and a subcutaneous air pouch model were used to investigate a possible link between PMN extravasation and the subsequent emigration of inflammatory monocytes in response to local stimulation with PAF. In mice that were made neutropenic by injection of a PMNdepleting antibody, the extravasation of inflammatory monocytes, but not resident monocytes, was markedly reduced compared with mice with intact white blood cell 
Introduction
Polymorphonuclear leukocytes (PMN) dominate the initial leukocyte influx to sites of acute infection and inflammation. 1 This first wave of PMN extravasation precedes a second wave of monocyte extravasation. Recruited PMN are thought to trigger this cellular switch by releasing soluble factors that initiate monocyte recruitment, 2-4 much of which may be mediated by ready-made PMN granule proteins deposited at the site of inflammation. 5, 6 Indeed, supernatants of activated PMN from patients with specific granule deficiency lacking proteins in their primary, secondary, and tertiary granules show a reduced capacity to attract monocytes despite normal monocyte chemotaxis in vitro to other stimuli. 7 After this initial observation, several PMN-derived granule proteins with monocyte-chemotactic activity were identified, among them LL-37, cathepsin G, human neutrophil peptide 1-3 (HNP1-3, ␣-defensins), and heparin-binding protein (HBP, also known as CAP37 and azurocidin). [8] [9] [10] [11] Their action was found to be pertussis toxin (PTx)-sensitive and several receptors were suggested to mediate the chemotactic effect. [11] [12] [13] Peripheral blood monocytes constitute a heterogeneous population of circulating leukocytes in both humans 14 and mice. 15 In the murine blood, 2 monocyte subsets can be distinguished based on their expression of CX3CR1, CCR2, and Gr1. Whereas resident monocytes (Gr1 Ϫ CCR2 Ϫ CX3CR1 hi ) home to noninflamed tissues, inflammatory monocytes (Gr1 ϩ CCR2 ϩ CX3CR1 lo ) are predominantly recruited to sites of inflammation by mechanisms involving CCR2. 15 These inflammatory monocytes were recently shown to be of critical importance in diverse inflammatory and infectious diseases. [16] [17] [18] [19] In this study, we investigated the significance of the initial PMN efflux for the subsequent extravasation of monocytes. Our results demonstrate that PMN seed granule proteins in the tissue which contribute to mobilization specifically of inflammatory monocytes. Functionally, the PMN-dependent invasion of inflammatory monocytes results in a more vigorous immune response as shown by enhanced cytokine release and bacterial clearance at the site of inflammation.
Methods Animals
Wild-type C57BL/6 and gene-targeted CCR2 Ϫ/Ϫ , CX3CR1 eGFP/ϩ , CX3CR1 eGFP/eGFP , and DPPI Ϫ/Ϫ mice were used for in vivo experiments. All genetically modified animals were on C57BL/6 background. PMN depletion was performed by intraperitoneal injection of monoclonal antibody (mAb) RB6-8C5 (100 g/mouse) or mAb 1A8 (10 g/mouse) 8 hours before injection of the stimuli. All animal experiments were approved by the ethical committee for animal experimentation in Stockholm (N149/06, N277/07, N199/07).
Intravital microscopy of the cremaster muscle
Monocyte adhesion and extravasation in the musculus cremaster was observed by intravital microscopy in CX3CR1 eGFP/ϩ mice or in C57BL/6 mice in which inflammatory monocytes were tracked after taking up fluorescently labeled latex beads. 18, 20 Mice received intrascrotal injections of platelet-activating factor (PAF; 10 Ϫ6 M, 300 L; Sigma-Aldrich, St Louis, MO) and the musculus cremaster was exteriorized for microscopic observation 12h later. Intravital microscopy of leukocyte adhesion and extravasation in the musculus cremaster was performed as described previously. 21 Fluorescence intensity of monocytes extravasated into the cremaster muscle was quantified by ImageJ software (http://rsb.info.nih.gov/ij) subtracting the background fluorescence from the monocyte fluorescence. Arbitrary fluorescence units were plotted versus the cell count, revealing 2 populations.
For analysis of monocyte migration, the muscle of neutropenic CX3CR1 eGFP/ϩ mice was exposed 12 hours after local injection of PAF. The migration of fluorescent cells was tracked for 30 minutes by time-lapse video microscopy. Thereafter, the cremaster muscle was superfused with PMN secretion (PMN-sec) and the same cells were tracked for another 30 minutes.
Subcutaneous air pouch
A subcutaneous air pouch was created as described previously. 22 In brief, mice were subcutaneously injected in the back at days 0 and 4 with 5 mL sterile air. At day 7, 1 mL sterile phosphate-buffered saline (PBS) containing PAF (10 Ϫ6 mol/L) was injected into the pouch. Twelve hours later, the pouch was lavaged with 5 mmol/L ethylenediaminetetraacetic acid (EDTA) in PBS. Mice receiving PMN-sec were injected with PAF in 500 L PBS plus 500 L PMN-sec. In separate experiments, the air pouch was injected with HNP1-3 (5 g, purified from human PMN 23 [a gift from O. E. Sorensen, Lund University, Lund, Sweden]), LL-37, cathelin-related antimicrobial peptide (CRAMP; 10 g each; both Innovagen, Lund, Sweden [gifts from B. Agerberth, Karolinska Institut, Stockholm, Sweden]), cathepsin G (10 g; Sigma-Aldrich), or HBP (10 g; produced as described previously 24 [a gift from Hans Flodgaard, Leukotech, Copenhagen, Denmark]). PTx (4 g; Invitrogen, Carlsbad, CA) and butyloxycarbonyl L-phenylalanyl-L-leucyl-L-phenylalanine (BOC-PLPLP; 200 nM in 100 L PBS; GenScript, Piscataway, NJ) were injected intravenously 1 hour before instillation of PAF. After harvesting, cells in the lavage fluid were spun down, counted manually, and differentiated in the fluorescence-activated cell sorting (FACS) using anti-Gr1 phycoerythrin (PE)-Cy5 (BioLegend, San Diego, CA) and anti-F4/80 fluorescein isothiocyanate (Serotec, Oxford, UK). Some mice were injected with Listeria monocytogenes (10 6 /pouch), and the air pouch was lavaged 24 hours later. In these mice, the liver was also removed and homogenized. Tissue homogenate was plated on brain heart infusion agar (Sigma-Aldrich), and the colonies were quantified.
Concentrations of monocyte chemoattractant protein (MCP-1; eBioscience, San Diego, CA), MCP-3 (Bender MedSystems, Vienna, Austria), interleukin-6 receptor (IL-6R; R&D Systems, Minneapolis, MN), tumor necrosis factor (TNF), and IL-6 (both eBioscience) were analyzed in the air pouch lavage by enzyme-linked immunosorbent assay (ELISA). Myeloperoxidase (MPO) was analyzed spectrophotometrically. 25 Matrix metalloproteinase-9 (MMP-9) and MCP-1 in the air pouch was analyzed by Western blot. 26 For analysis of phagocytic capacity, mice were injected with IgGopsonized fluorescent Staphylococcus aureus bacteria (Invitrogen) 1 hour before lavage of the air pouch. Harvested cells were spun down, and monocytes were separated from PMN by density centrifugation. Monocytes were then plated on a 96-well plate (50 000/well), and the fluorescence was analyzed in a plate reader (Fluoroskan Ascent; Thermo Fisher Scientific, Waltham, MA). In addition, the number of bacteria in the lavage fluid was manually quantified by fluorescence microscopy and expressed as percentage of total number of injected bacteria.
Intracellular Ca 2؉ mobilization
Whole blood from CCR2 Ϫ/Ϫ and C57BL/6 mice was harvested by cardiac puncture. After lysis of red blood cells, the leukocytes were stained with anti-Gr1 and anti-F4/80. In addition, leukocytes were incubated with the Ca 2ϩ -sensitive fluorochrome X-rhod-1 (Invitrogen). Mobilization of intracellular Ca 2ϩ was analyzed by FACS in inflammatory monocytes (Gr1 ϩ F4/ 80 ϩ ) and resident monocytes (Gr1 Ϫ F4/80 ϩ ) after stimulation with medium, ionomycin (1 mol/L), or PMN-sec. Fluorescence was measured 60 seconds before and every 30 seconds after stimulation up to 150 seconds.
Preparation of PMN secretion and immunodepletion of granule proteins
PMN degranulation was induced in freshly isolated PMN through crosslinking of CD18. 27 PMN were sedimented by centrifugation, and the cell-free supernatant containing PMN-sec was stored at Ϫ70°C. Granule release was confirmed by Western blot and MPO analyses. 25 Monoclonal antibodies to HBP (a gift from H. Flodgaard), cathepsin G (Calbiochem, San Diego, CA), or LL-37 (a gift from B. Agerberth) were coupled to protein A Sepharose (GE Healthcare, Chalfont St Giles, UK). The antibody/protein A Sepharose complexes were incubated with the PMN-sec under gentle rotation overnight at 4°C. The Sepharose beads were spun down, and the efficacy and specificity of immunoadsorption was verified with Western blot using polyclonal antibodies to HBP, LL-37, or cathepsin G.
PMN subcellular fractionation
Subcellular fractionation of PMN was performed by density centrifugation on Percoll gradients, as described by Kjeldsen et al. 28 To get rid of the Percoll, fractions were centrifuged for 90 minutes at 45 000 rpm in an ultracentrifuge (Beckman Coulter, Fullerton, CA) at 4°C. To determine which fraction corresponded to which granule compartment, each individual fraction was analyzed for the presence of specific markers of the respective granule as described previously (O.S., H.H., L.L., manuscript submitted April 2008).
Analysis of formyl peptide receptor expression
Whole blood from C57BL/6 mice were subjected to red cell lysis and reacted with Gr1-PercP-Cy5.5, CD45-APC-Cy7 (BD Biosciences, San Jose, CA), and CD115-PE (eBiosciences) for 30 minutes. High-pressure sorting with purity precision mode was performed in a FACSAria sorter (BD Biosciences) to separate and collect CD115 ϩ Gr1 ϩ CD45 ϩ inflammatory monocytes. Total RNA was isolated from inflammatory monocytes and reverse-transcribed into cDNA by Moloney murine leukemia virus RT (Invitrogen). Polymerase chain reactions (PCRs) were performed with 20 ng cDNA using Taq DNA polymerase (Promega) for 38 cycles (30 seconds at 95°C, 40 seconds at 60°C, and 1 minute at 72°C) and specific primers (aldolase: 5Ј-AGCTGTCTGACATCGCTCACCG-3Ј, 5Ј-CA-CATACTGGCAGCGCTTCAAG-3Ј; formyl peptide receptor 2 [fpr2]: 5Ј-GTAAGAAGGAGACCTCAGCTG-3Ј, 5Ј-CCCTCTAGCATCTCTA-ACTGTA GTC-3Ј; and fpr1: 5Ј-CTGTAGATCTGTCCAGAGC TGTTG-3Ј, 5Ј-CAATGTAAGAAGAAA TGCACAAATC-3Ј).
Statistics
Data are expressed as means plus or minus SD. The statistical calculations were done using Statistica software (StatSoft, Tulsa, OK). Ca 2ϩ measurements were analyzed using one-way analyzes of variance followed by a Tukey honestly significant difference test. All other data were analyzed with t test for independent samples. A P value less than .05 was considered significant.
Results

Neutrophil extravasation precedes monocyte recruitment
Local application of PAF induces rapid infiltration of PMN into the musculus cremaster of CX3CR1 eGFP/ϩ mice as determined by intravital microscopy ( Figure S1A ; available on the Blood website; see the Supplemental Materials link at the top of the online article). Similar results were obtained in a subcutaneous air pouch of C57BL/6 mice after injection of PAF and differential cell quantification of the lavaged cells ( Figure S1B ). Before stimulation, monocytes were absent in the cremaster muscle, whereas a small number of monocytes was detected in the air pouch. The number of monocytes remained stable for the first 2 hours after injection of PAF and increased significantly above baseline only after 4 hours of treatment in both models. Thereafter, the number of infiltrating monocytes continued to increase, whereas the count of emigrated PMN started to decline after 8 to 12 hours in the cremaster and the air pouch, respectively.
Neutrophil secretion products mediate early monocyte extravasation
To investigate the causal link between PMN extravasation and subsequent efflux of monocytes, we depleted mice of PMN by injection of mAb RB6-8C5. 5, 29, 30 To determine whether treatment with RB6-8C5 also affects the number of circulating monocytes, we injected the antibody into CX3CR1 eGFP/ϩ mice and analyzed blood samples at several consecutive time points. FACS analysis revealed a prompt decrease of the number of circulating PMN, whereas neither the Gr1 ϩ nor the Gr1 Ϫ monocyte subpopulation was affected at the dose used in the study ( Figure S2A,B) . Moreover, expression of CD62L and CD11b on the Gr1 ϩ monocyte subset was not altered by treatment with RB6-8C5 (data not shown), indicating that there is no activation of monocytes by the antibody. In agreement with this observation, the serum levels of TNF and IL-6 were not increased after treatment with the antibody (data not shown).
Monocyte recruitment was studied in neutropenic mice in response to PAF stimulation. Depletion of PMN significantly reduced the number of extravasated monocytes ( Figure 1A ,B). Intravital microscopy of the cremaster muscle in CX3CR1 eGFP/ϩ mice revealed that not only monocyte extravasation but also monocyte adhesion was significantly impaired in neutropenic mice ( Figure 1A ). Similar results were also found when we used the Ly-6G specific mAb 1A8 to deplete PMN. The pattern of monocyte extravasation observed in these mice ( Figure S3B ) was identical to that seen in mice treated with RB6-8C5.
To investigate whether the relationship between PMN and monocyte recruitment also exists in a tissue where resident macrophages are present, we studied monocyte extravasation in a peritonitis model. Indeed, PMN depletion reduced the number of extravasated monocytes in thioglycollate-induced peritonitis by 56% (Ϯ 12%) compared with mice with intact WBC (not shown).
We further aimed at determining whether the monocyteattracting activity was due to the release of a soluble factor from PMN. For this purpose, we injected PMN secretion (PMN-sec) locally into neutropenic mice together with PAF and analyzed the subsequent recruitment of monocytes. PMN-sec was harvested from freshly isolated human PMN activated by cross-linking of CD18. 25, 27, 31, 32, 33 Previous work has shown that PMN-sec obtained by this approach contains proteins from primary, secondary, and tertiary granules, as well as secretory vesicles. 25 However, it is devoid of TNF, interferon ␥ (IFN␥), IL-8, MCP-1, and reactive oxygen species. 33 Local application of PMN-sec restored extravasation of monocytes in the cremaster muscle ( Figure 1A ) and in the air pouch ( Figure 1B ) of neutropenic mice to levels not different from the numbers found in mice with intact WBC. Analysis of the air pouch lavage fluid revealed that the recruitment of PMN was associated with the deposition of substantial amounts of the PMN granule proteins MPO and MMP-9 in mice with intact WBC in contrast to PMN-depleted mice where these proteins were lacking ( Figure 1C) . However, the two proteins could be restored by injection of the PMN-sec.
PMN granule contents specifically mobilize inflammatory monocytes
Inflammatory monocytes have significant functions in the early immune response during infection and injury. [16] [17] [18] [19] To specifically address the extravasation of this monocyte subset versus resident monocytes in the cremaster model, 2 approaches were chosen to distinguish between the 2 monocyte subsets. First, in CX3CR1 eGFP/ϩ mice, resident and inflammatory monocytes exhibit distinct differences in their fluorescence, with inflammatory monocytes displaying a lower intensity. 15 The fluorescence intensity of extravasated monocytes was quantified off-line in recorded images of 30 different cremaster muscles in total in mice with intact WBC, neutropenic mice, and neutropenic mice treated with PMN-sec. By plotting fluorescence intensity versus cell number in the 3 groups combined, 2 different populations were distinguished (Figure 2A ). Examining the 3 groups individually, we found that PMN depletion predominantly reduces the extravasation of inflammatory monocytes, the majority of which could be restored by local administration of PMN-sec (Figure 2A) . In a second approach, we labeled inflammatory monocytes in C57BL/6 mice with fluorescent latex beads 18, 20 and followed their extravasation. Again, intrascrotal application of PMN-sec significantly enhanced the number of extravasated inflammatory monocytes in the musculus cremaster of neutropenic mice ( Figure 2B ). In contrast to neutropenic CX3CR1 eGFP/ϩ mice ( Figure 1A) , we also found a significant increase in the number of adherent latex beadpositive inflammatory monocytes in response to PMN-sec, which might be because specifically only inflammatory monocytes are quantified in this model, whereas in CX3CR1 eGFP/ϩ mice, also resident monocytes, which are not affected by PMN-sec, are included in the analysis.
In the air pouch lavage fluid from mice with intact WBC, we found that approximately 65% of monocytes were Gr1 ϩ indicating an inflammatory phenotype. Depletion of PMN reduced extravasation exclusively of this subset, whereas Gr1 Ϫ monocytes were not affected ( Figure 2C ). Injection of PMN-sec restored the number of extravasated Gr1 ϩ monocytes. Similar results were obtained in mice that were treated with mAb 1A8 instead of the RB6-8C5 clone ( Figure S3C ). These results were also reproduced in CX3CR1 eGFP/ϩ mice, where specifically the recruitment of eGF-P lo Gr1 ϩ monocytes was affected by the presence of PMN and their secretion products ( Figure S4 ). Further evidence for the importance of PMN and their secretion products was gathered from experiments with mice lacking dipeptidyl peptidase I (DPPI), which is a lysosomal cysteine protease critical for the processing of neutrophil serine proteases. These mice have impaired PMN recruitment and lack granule constituents in their primary granules, thereby reflecting the murine homolog of the Papillon-Lefèvre syndrome. 34 In the air pouch model, we confirmed the reduced accumulation of PMN in response to PAF compared with wild-type mice ( Figure S5 ). This was associated with a reduction in the extravasation of inflammatory monocytes, which was not further lowered by depletion of PMN. It is noteworthy, however, that treatment of neutropenic DPPI Ϫ/Ϫ mice with PMN-sec significantly increased the accumulation of inflammatory monocytes to levels also seen in wild-type mice receiving the same treatment ( Figure S5 ).
PMN secretion specifically activates inflammatory monocytes
Having shown that PMN-sec specifically induces the mobilization of inflammatory monocytes, we sought to determine whether this is due to direct activation of these cells by PMN granule constituents. First, we studied the migration distance of monocytes in the cremaster muscle in CX3CR1 eGFP/ϩ mice. PAF was injected intrascrotally in neutropenic mice and 12 hours later, the cremaster muscle was exposed. The migration distance of inflammatory monocytes (Fl Ͻ 70) and resident monocytes (Fl Ͼ 70) over a 30-minute period before and after superfusion with PMN-sec was calculated. While no difference in migration distance between the 2 monocyte subsets before superfusion was observed ( Figure 3A ), PMN secretion gave rise to a more profound increase in migration velocity of inflammatory monocytes than of resident monocytes.
In a second approach, we analyzed the intracellular Ca 2ϩ mobilization in inflammatory and resident monocytes after stimulation with PMN-sec. While the calcium ionophore ionomycin induced intracellular Ca 2ϩ mobilization in both populations, only inflammatory monocytes responded with a Ca 2ϩ increase after stimulation with PMN-sec ( Figure 3B ).
Recruitment of inflammatory monocytes by PMN secretion is CCR2-dependent
The chemokine receptor CCR2 and recently also CX3CR1 were reported to be critically involved in the recruitment of inflammatory monocytes. 18 To investigate their contribution to the recruitment of inflammatory monocytes by PMN-sec, we performed air pouch experiments in CX3CR1 eGFP/eGFP and in CCR2 Ϫ/Ϫ mice ( Figure 4A ). In CX3CR1 eGFP/eGFP mice, lacking a functional fractalkine receptor, accumulation of inflammatory monocytes was reduced by depletion of PMN. As in heterozygous CX3CR1 eGFP/ϩ mice, the monocyte recruitment was restored by local administration of PMN-sec. In contrast to the CX3CR1-deficient mice, the basal recruitment in CCR2 Ϫ/Ϫ mice was reduced and depletion of PMN did not affect the extravasation of inflammatory monocytes. More importantly, although we could restore the reduced extravasation of inflammatory monocytes in neutropenic mice lacking CX3CR1 by PMN-sec, we were unable to do so in CCR2 Ϫ/Ϫ mice. For personal use only. on April 2, 2017. by guest www.bloodjournal.org From All together, this indicates that CCR2 is critically involved in the PMN-mediated monocyte recruitment. To investigate whether PMN-sec activates monocytes through direct interaction with CCR2, we analyzed the Ca 2ϩ mobilization in monocytes of CCR2 Ϫ/Ϫ mice in response to stimulation with PMN-sec ( Figure  4B ). However, we found no difference in the release pattern of intracellular Ca 2ϩ compared with wild-type mice ( Figure 3B ) indicating that CCR2 is not critically involved in Ca 2ϩ mobilization triggered by PMN-sec.
The PMN-dependent recruitment of inflammatory monocytes yields a more efficient immune response
Because we find a selective mobilization of inflammatory monocytes by PMN, we aimed at identifying functional consequences of this response. Hence, we analyzed cytokine concentrations in the air pouch lavage, phagocytic capacity of monocytes in the air pouch as well as dissemination of L monocytogenes. Diminished extravasation of inflammatory monocytes into the air pouch in neutropenic mice was associated with lower concentrations of TNF and IL-6 in the lavage fluid compared with mice with intact WBC ( Figure 5A ). Substitution with PMN-sec in neutropenic mice restored cytokine concentrations in the air pouch lavage to the baseline value. A similar pattern was seen when analyzing bacterial clearance and phagocytosis. Here, IgG-opsonized fluorescent S aureus bacteria were injected into the air pouch 1 hour before harvesting the leukocytes. PMN depletion led to a substantial increase in the total number of bacteria in the air pouch fluid concomitant with a reduced number of phagocytosed bacteria per monocyte, together signifying a reduced bacterial clearance ( Figure 5B) . Although the first observation may be due to a contribution of PMN to the phagocytosis, the latter is an indicator of the phagocytic potency of inflammatory monocytes. Furthermore, injection of PMN-sec into the air pouch of neutropenic mice not only decreased the number of bacteria in the pouch but also enhanced the uptake of bacteria per monocyte ( Figure 5B ).
We then investigated the monocyte recruitment in response to local infection with L monocytogenes and spreading of the bacteria from the air pouch cavity as an integrative measure of the functional significance of the recruitment of inflammatory monocytes. Injection of L monocytogenes into the air pouch induced a strong infiltration of both monocytes and PMN ( Figure 5C ). The ratio between inflammatory monocytes and resident monocytes was similar to what was observed with PAF treatment. Rendering mice neutropenic not only abolished PMN recruitment but also selectively reduced the number of extravasated inflammatory monocytes. Much of this defect was compensated by injection of PMN-sec. In the same mice, we investigated colonization of bacteria in the liver. There we found a significant increase in CFUs in neutropenic mice ( Figure 5D ), although part of this increase likely can be attributed to the loss of the PMN phagocytic capacity. Local instillation of PMN-sec reduced the amount of CFUs from the liver homogenate.
PMN-dependent extravasation of inflammatory monocytes is predominantly mediated by LL-37 and HBP
In further experiments, we aimed at identifying the active components mediating the selective recruitment of inflammatory monocytes. IL-6R, 35 chemokines, 36, 37 and neutrophil granule [7] [8] [9] [10] [11] [12] [13] proteins were previously reported to mediate PMN-dependent monocyte recruitment. Levels of IL-6R in the air pouch lavage fluid were not altered by PMN depletion or application of PMN-sec (Table S1) , making a role of IL-6R in this early recruitment of inflammatory monocytes unlikely. In addition, concentrations of MCP-1 or MCP-3 were not affected by depletion of PMN or injection of PMN-sec suggesting that PMN granule proteins do not act via a secondary chemokine production (Table S1 ). Moreover, injection of PMN-sec in the absence of PAF induced a profound influx of Gr1 ϩ monocyte into the air pouch (data not shown), further supporting the direct monocyte-activating properties of PMN granule components. Heat-inactivation of PMN-sec before injection or treatment of the mice with PTx completely abolished the response to PMN-sec (data not shown) indicating that (1) a protein rather than, for example, a lipid mediator in the PMN-sec mediates the recruitment of inflammatory monocytes and (2) a G i -dependent receptor is involved in monocyte activation. Subcellular fractionation of the PMN allows not only to localize granule proteins in a subset of granules but also to pinpoint a functional response to a certain granule subclass (O.S., H.H., L.L., manuscript submitted April 2008). We injected individual granule fractions into the air pouch of neutropenic mice and analyzed the subsequent recruitment of inflammatory monocytes. Administration of either the primary or secondary granule fraction significantly increased the recruitment of inflammatory monocytes, whereas the tertiary granule and the secretory vesicle fraction were without effect ( Figure 6A ). LL-37, HBP, HNP1-3, and cathepsin G stored in primary or secondary granules, were previously shown to have chemotactic effect on monocytes. [8] [9] [10] These effects were found to be PTx-sensitive and associated with a Ca 2ϩ response in the target cell. The concordance between these observations and our results led us to immunodeplete the PMN-sec of these 4 polypeptides and to test the remaining activity of the secretion. Selective removal of these candidate proteins rendered the secretion nonfunctional with regard to chemotactic activity ( Figure 6B ). When testing the efficiency of recombinant/isolated forms of these proteins in the air pouch model, we found a significant increase of recruited inflammatory monocytes for stimulation with HBP, LL-37, and cathepsin G but not HNP1-3 ( Figure 6C ). Similar results were also found by treatment with CRAMP, the murine homologue of LL-37 (data not shown). To assess whether the concentrations at which the recombinant and isolated proteins were used are relevant, we quantified the concentrations of HBP, LL-37, cathepsin G, and HNP1-3 in the PMN-sec. We also quantified the concentration of HBP, LL-37, and cathepsin G by ELISA and of HNP1-3 in the PMN-sec by quantitative dot blot in the secretion and found concentrations of 3.4 g/mL HBP, 3.1 g/mL LL-37, 2.1 g/mL cathepsin G, and 2.5 g/mL HNP1-3. We thus conclude that concentrations of 5 and 10 g/mL as used in Figure 6 are indeed relevant. In additional experiments, we immunodepleted individually the PMN-sec of LL-37, HBP, and cathepsin G. When testing the efficiency of respective immunodepleted PMN-sec in the air pouch model of neutropenic mice, we found that secretion depleted of LL-37 or HBP showed a significantly lower activity compared with crude secretion ( Figure 6D ).
Activation of inflammatory monocytes by PMN secretion is in part mediated by formyl peptide receptors
LL-37 and cathepsin G were previously shown to mediate their monocyte chemoattracting activity via formyl peptide receptors (fpr), and we therefore investigated the involvement of these receptors in activation and recruitment of inflammatory monocytes in response to PMN-sec. The expression of fpr1 and fpr2 by inflammatory monocytes was confirmed by PCR ( Figure S6 ). The extravasation of inflammatory monocytes into the air pouch of mice with intact WBC after stimulation with PAF was significantly reduced in the presence of the fpr antagonist BOC-PLPLP ( Figure 7A) . Moreover, the antagonist attenuated the effect of the PMN-sec and of LL-37 and HBP on the recruitment of inflammatory monocytes to a similar extent ( Figure 7A ). We further analyzed the influence of the fpr antagonist on the intracellular Ca 2ϩ mobilization in inflammatory monocytes induced by these stimuli. BOC-PLPLP significantly reduced the Ca 2ϩ response in inflammatory monocytes induced by PMN-sec ( Figure 7B ). Of the 3 granule proteins tested, HBP had the strongest effect on Ca 2ϩ mobilization in inflammatory monocytes, whereas cathepsin G was the weakest inducer. Pretreatment with BOC-PLPLP significantly attenuated the Ca 2ϩ mobilization induced by LL-37, whereas the antagonizing effect was less pronounced when stimulation was with HBP or cathepsin G. These data indicate the contribution of fpr in the recruitment of inflammatory monocytes in response to PMN granule proteins. 
Discussion
After identification of monocyte subsets in the mouse, 15 the functional characterization of these cells has gained intensive attention. Taking advantage of 2 different recruitment models in vivo, we demonstrate that extravasating PMN release their granule contents which directly and specifically activate inflammatory monocytes, thereby stimulating early recruitment of these cells. Selective removal of specific components of the PMN-sec and the use of isolated/recombinant forms of PMN granule proteins draw attention to HBP and LL-37 as principal messengers in the PMN-monocyte cross-talk.
Murine inflammatory monocytes were defined as CX3CR1 lo CCR2 ϩ GR1 ϩ15 . This population of murine monocytes shares morphologic characteristics and chemokine receptor expression patterns with the classical human CD14 hi CD16 Ϫ monocytes, whereas murine resident monocytes are thought to correspond to human CD14 ϩ CD16 ϩ nonclassical monocytes. 38 Classical human monocytes are potent phagocytes 39 and produce higher amounts of cytokines like IL-6 and TNF. 40, 41 In contrast, nonclassical monocytes are potent antigen-presenting cells. 42 Such distinct differences have not yet been described for the murine equivalent. We demonstrate here that the number of Gr1 ϩ monocytes in the air pouch fluid is closely correlated with the concentration of IL-6 and TNF in the air pouch fluid, thereby suggesting that the inflammatory monocytes are the predominant source of cytokines. In addition, we show that Gr1 ϩ monocytes phagocytose bacteria more effectively, yielding a powerful contribution to pathogen clearance. Increased cytokine release and bacterial phagocytosis, however, may also be related to the activation of monocytes by PMN-sec products. In this respect, several PMN granule proteins have been shown to induce cytokine release and phagocytosis. 25, 43, 44 The concerted action of PMN granule proteins to mobilize inflammatory monocytes and to directly enhance their antimicrobial activity stands out as an important mechanism boosting the early immune response.
The PMN granule proteins HBP, LL-37, and cathepsin G are potent multifunctional mediators of immune reactions. 13, 45, 46 All 3 proteins were previously shown to have monocyte-activating properties. We have earlier demonstrated that HBP activates monocytes via ␤ 2 -integrins, leading to Ca 2ϩ mobilization, 47 monocyte adhesion, 27 and the release of cytokines (O.S., H.H., L.L., manuscript submitted April 2008). However, the chemotactic effect of HBP is G i -protein-dependent and therefore unlikely to be mediated via CD11/CD18. Cathepsin G and HBP share high homology, 48 and cathepsin G mediates its chemotactic effect via FPR1, 11 whose murine ortholog is fpr1. The formyl peptide receptors constitutes a promiscuous subfamily of the G-proteincoupled receptors. They are characterized by activation through a For personal use only. on April 2, 2017. by guest www.bloodjournal.org From large variety of ligands and redundancy with other chemotactic receptors. 49 The functional relevance of fpr in the recruitment of monocytes has earlier been shown by fpr-blockage, resulting in attenuated monocyte infiltration into the lung of mice infected with Streptococcus pneumoniae. 4 Moreover, mice lacking fpr1 exhibit higher susceptibility for L monocytogenes infections. 50 However, monocyte recruitment in fpr1-deficient mice has not yet been investigated, nor are data available for the recently described mice lacking fpr2. 51 Here we show that the chemotactic effect of cathepsin G and HBP is primarily mediated via fpr. LL-37 and the murine homologue CRAMP were shown to exert their monocyteattracting activity via FPRL1 in the human and fpr2 in the mouse, respectively. 11, 12 Data from our study indicate that HBP and LL-37 act in concert to initiate extravasation of inflammatory monocytes, much of which is mediated via fpr. Human FPR and FPRL1 are expressed on PMN as well as monocytes. 49 Here we show the expression of their murine orthologs fpr1 and fpr2 on inflammatory monocytes. Taken together, our data indicate the involvement of fpr in the switch from PMN to monocyte infiltration with selectivity for inflammatory monocytes.
Accumulation of inflammatory monocytes in atherosclerosis has recently been demonstrated to depend on CCR2 and CX3CR1. 18 However, mice lacking CX3CR1 do not have a distinct phenotype, and monocyte recruitment in thioglycollate-induced peritonitis is not impaired. Moreover, CX3CR1 is not required for responses to contact sensitizers, peripheral nerve injury, or challenge with Toxoplasma gondii. 52 In our study, recruitment of inflammatory monocytes in response to PMN granule proteins is dependent on CCR2 but not CX3CR1. The difference between our observations and the results from Tacke et al 18 may be related to atherosclerosis as a chronic inflammation as opposed to the models of acute inflammation used in our study. We suspected a direct interaction between PMN granule proteins and CCR2 as a possible mechanism for the selective recruitment of inflammatory monocytes. However, given the conserved Ca 2ϩ -mobilization in inflammatory CCR2 Ϫ/Ϫ monocytes in response to PMN-sec this seems less likely. At this stage, it is unclear how CCR2 contributes to PMN-mediated recruitment of inflammatory monocytes. However, our data indicate that both CCR2 and the PMN granule proteins LL-37 and HBP are indispensable and sequentially used in the early recruitment of inflammatory monocytes. Our observation on the lack of involvement of CX3CR1 in recruitment of inflammatory monocytes is supported by recent data showing that CX3CR1 is used by resident monocytes patrolling healthy tissue to emigrate at sites of injury. 53 In the very same study, 53 and in an earlier study by Henderson et al, 54 it is suggested that certain monocyte subsets emigrate independently of PMN and their granule proteins. However, both studies rely on observations in a peritonitis model where the presence of resident macrophages may allow for mechanisms that bypass the PMN as a door opener for monocytes.
Disorders with neutrophil dysfunction are usually characterized by recurrent infections. These are not only attributable to the lack of PMN but also a secondary defect in monocyte function. In the case of the specific granule deficiency and the Papillon-Lefèvre syndrome, PMN lack certain granule proteins and are deficient in accumulating at sites of inflammation. 7, 34, 55, 56 For both syndromes, a reduction in monocyte accumulation at the site of inflammation has been reported in human and in mice. In addition, our data using DPPI Ϫ/Ϫ mice indicate that recruitment of inflammatory monocytes is impaired in these mice. This may be due in part to the reduced PMN extravasation and the lack of primary granule constituents in PMN of these mice. Moreover, the active form of the secondary granule protein LL-37 (or its murine homologue CRAMP) may not be processed in these animals because of the lack of proteinase-3, which is needed to liberate LL-37 from its proform. 57 This may contribute to the reduced recruitment of inflammatory monocytes in DPPI Ϫ/Ϫ mice with intact WBC. Taken together, these data further emphasize the importance of PMN and their granule proteins in regulating the immune response in a clinical situation.
Our study suggests an essential role of the primary PMN extravasation for the subsequent recruitment of inflammatory monocytes. We demonstrate that the early recruitment of inflammatory monocytes by PMN is linked to the rapid discharge and deposition of PMN granule proteins LL-37 and HBP. At later time points, other mechanisms, such as release of IL-6R 35 or chemokines, 36, 37 may come into play. The granule proteins HBP and LL-37 use monocytic fprs, thereby initiating recruitment of these cells to the inflamed locus. Functionally, the proposed PMNmonocyte axis boosts the immune response and yields a more powerful pathogen clearance.
